novel influenza strain in April 2009 [1] [2] [3] [4] . Children and young adults had little preexisting antibody to this virus, suggesting that seasonal influenza vaccines would not provide protection against the new strain [5] [6] [7] . Concern for cocirculation of the novel influenza virus with nonpandemic seasonal influenza virus strains led to rapid evaluation of monovalent pandemic 2009 H1N1 influenza vaccines (2009 H1N1 vaccines) in adults and children [8] [9] [10] [11] [12] [13] [14] [15] . This trial evaluated whether the receipt of 2009 H1N1 vaccine either concurrent with, prior to, or following licensed seasonal trivalent inactivated influenza vaccine (TIV) affected the reactogenicity or antibody responses of either vaccine in children 1-17 years of age.
METHODS

Vaccine
The novel split-virion 2009 H1N1 vaccine (Sanofi Pasteur; 2 lots) contained 15 µg/0.5 mL of influenza A/California/7/09 (H1N1)-like virus, based on the high-performance liquid chromatography method to test potency; subsequent testing with single radio immunodiffusion found the potency to be 22-25 µg/0.5 mL. The 2009-2010 seasonal influenza vaccine (Sanofi Pasteur) contained 15 µg each of influenza A/Brisbane/59/2007 (H1N1)-like virus, influenza A/Brisbane/10/ 2007 (H3N2)-like virus, and influenza B/Brisbane/60/2008like virus. Subjects <36 months old received intramuscular injections of 0.25 mL (1 lot) of each vaccine in the arm or thigh, and subjects 3-17 years old received 0.5 mL (2 lots) of each vaccine in the deltoid muscle.
Subjects and Study Design
Previously primed subjects (ie, subjects who received 2 or more doses of vaccine in the past) [16] , aged 1-17 years, were enrolled in a National Institutes of Health-sponsored, randomized, partially blinded, phase 2 vaccine trial conducted at 7 sites throughout the United States. The subjects' parents or legal guardians provided written informed consent and children provided assent when appropriate. The study was approved by the institutional review board of each of the participating sites. Subjects were equally randomized to 4 groups (Table 1) , stratified by age ( planned 150 subjects per group with 50 subjects per age stratum: 6-<36 months, [3] [4] [5] [6] [7] [8] [9] years, and 10-17 years), to receive 1 dose of seasonal TIV and 2 doses of 2009 H1N1 vaccine in 1 of 4 combinations.
Safety and Immunogenicity
Safety was measured by assessment of reactogenicity for 8 days, adverse events for 21 days after each vaccination, and serious adverse events and new-onset chronic medical conditions for 8 months after first vaccination.
Local and systemic reactogenicity summary rates were analyzed by dichotomizing the most severe response for each event over the 8-day postvaccination period into binary variables (none vs mild, moderate or, severe) and using exact confidenceintervals. Possible dose response relationships were explored using logistic regression. Unsolicited adverse events were reported using rates and exact 95% confidence intervals. Immunogenicity testing included measurement of hemagglutination antibody inhibition (HAI) titers prior to each vaccination and 21 days after the last vaccination. The primary immunogenicity endpoints were the proportions of subjects, stratified by age, with ≥4-fold HAI titer increase and HAI titer of ≥1:40 against the novel 2009 H1N1 virus 21 days after the first dose of the vaccine.
The proportion of subjects achieving ≥4-fold increase in HAI titer, the proportion of subjects achieving an HAI titer of ≥1:40, and geometric mean titers (GMTs) at 21 days after each vaccination are provided. Analyses of GMTs were based on the formula log 2 , where "titer" itself was the geometric mean of all replicated values for a sample when such replications were available.
Unless otherwise noted, analyses were primarily conducted using analysis of variance for continuous variables, with results occasionally confirmed, but not reported, using standard nonparametric methods. Binary results, such as reactogenicity, or immune response rates were analyzed using logistic regression and contingency table methods. Most analyses were conducted for a specific milestone, such as 8 days after first novel 2009 H1N1 vaccination. The impact of age and number achieving at least a 1:40 titer was conducted with generalized estimating equation logistic regression to simultaneously analyze the results following each vaccination and to account for the correlation induced from the duplicate measures for a single child.
Antibody Assays
Southern Research Institute performed HAI assays for pandemic 2009 H1N1 vaccine. Influenza (H1) reference antiserum (Centers for Disease Control and Prevention [CDC]; lot 07-0102) and 1× Dulbecco phosphate buffer solution were used as the positive and negative controls, respectively. Turkey red blood cells were used in the HAI assay [17] . Cincinnati Children's Hospital Medical Center performed a standard HAI assay using turkey red blood cells. Virus reference strains from the CDC were grown in MDCK cells [18, 19] . 
Enrollment Criteria
Healthy children aged ≥6 months through 17 years were eligible to participate. All subjects aged ≥6 months through 9 years had to be primed, or received 1 dose of a 2007-2008 or earlier seasonal influenza vaccine. (Subjects who received their first dose of seasonal influenza vaccine for the 2008-2009 influenza season and the second dose of 2009-2010 seasonal influenza vaccine were excluded from participating in this study.) Subjects of childbearing potential had to use adequate contraception for 30 days after the last vaccination. Subjects were excluded if they had received a licensed 2009-2010 seasonal influenza vaccine or had 1 of the following: egg allergy; immunosuppression; acute illness; axillary temperature of >100°F or oral temperature of ≥101°F within 3 days prior to vaccination; history of Guillain-Barré syndrome; or planned to travel outside of North America within the 63 days after the first vaccination. Subjects were excluded if they had received 1 of the following prior to vaccination: blood products (3 months), an experimental agent (1 month), live vaccines (4 weeks), or inactivated vaccines (2 weeks); or planned to receive vaccines within 21 days following the last study vaccination.
Sample Size
The sample size for this phase 2 study was powered to detect differences in immune response rates without correction for multiple comparisons. It was projected to have 80% power to conduct a 2-tail test with a type I error of 5.0%, between 2 vaccine groups within the same age stratum when the true differences were <27%. The sample was determined to have >95% power to observe 1 or more serious adverse events related to vaccination when the true underlying rate was 0.50%. Within a single age-stratum vaccine schedule-specific group, the power was 78% to observe 1 or more such events when the true rate was 3.0%
RESULTS
Subject Characteristics and Safety Results
Five hundred thirty-one subjects were enrolled from 20 August 2009 through 21 September 2009. Fifty-two percent of the subjects were male, 80% were white, and the median age was 7.3 years (range, 1.0-17.9 years) ( Table 2 ). Seven subjects did not receive the full immunization series due to receipt of vaccine outside the study, severe tenderness at the injection site, parent/guardian refusal [3] , confirmed H1N1 influenza virus infection, and exacerbation of preexisting blackouts. There were no serious adverse events attributed to vaccination. Most adverse events were mild to moderate.
Local Reactogenicity
Among all subjects, 15 (3%) subjects experienced severe local reactions (erythema, induration, or tenderness) after vaccination (ie, 6, 8, and 1 subject after first, second, and third vaccination, respectively). All the subjects with severe reactions were in the 2 older age strata. After the first vaccination, moderate local reactions occurred in 47 (8.9%) subjects; of these, (Table 3) . Tenderness was the most prevalent local reaction, followed by redness, across all groups and vaccinations. The percentages of subjects in each treatment group who experienced any local reaction in the 8 days after vaccination were similar among all treatment groups and ranged from 82.7% to 87.9% ( Figure 1A and 1B) .
Systemic Reactions
Among all subjects, 10 (1.9%) experienced severe systemic reactions after vaccination. Overall, there were no significant differences within any of the age strata for the solicited systemic symptoms after any vaccination (Table 3 ).
In the 1-<3-year age stratum, irritability was the most common symptom. The proportion of subjects experiencing any systemic complaint in this age stratum was 69.7%-80.0% across the 4 treatment groups or 74.8% for all groups combined. Three subjects, all receiving H1N1 + TIV/H1N1, experienced 1 severe reaction each, including irritability and vomiting after the first vaccination and fever (defined as axillary temperature of 104°F) after the second vaccination ( Figure 1C ).
In the 3-9-year age stratum, headache was the most common reaction. The proportion of subjects experiencing any systemic complaint was 31.4%-56.9% across the groups or 42.6% for all groups combined. A total of 7 subjects in 3 of the 4 treatment groups experienced severe systemic reactions. In the H1N1/H1N1/TIV group, 2 subjects experienced severe elevated temperature, feverishness, and decrease in general activity after the first vaccination and 1 subject experienced otitis media after the second vaccination. One subject in the H1N1 + TIV/H1N1 group experienced severe feverishness after the second vaccination. In the H1N1/H1N1 + TIV group, after the first vaccination, 1 subject experienced polymerase chain reaction-confirmed H1N1 influenza virus infection and 1 subject experienced severe myalgia, nausea, vomiting, and decreased general activity. One subject experienced severe feverishness, headache, and decreased general activity after the second vaccination ( Figure 1C ).
In the 10-17-year age stratum, no severe systemic reactions were reported. The most common reactions were headache and malaise across all the vaccination groups after the first vaccination. The proportion of subjects experiencing any systemic complaint was 50.9%-65.3% across the 4 treatment groups or 57.0% for all groups combined ( Figure 1C ).
H1N1 Vaccine Immunogenicity Results
Primary Immunogenicity Endpoints
The proportion of subjects with ≥4-fold HAI titer increases against the 2009 H1N1 virus 21 days following the first dose of 
Reactogenicity data are restricted to visits at which an H1N1 influenza vaccination was given and to reactions in the arm given that vaccination.
Abbreviations: H1N1, 2009 H1N1 influenza vaccine; TIV, trivalent influenza vaccine. 2009 H1N1 vaccine were not different when compared by vaccination schedule (P > .53; logistic regression controlling for strata). However, there was a significant difference in response by age strata: 21%, 42%, and 90% of subjects in age groups, 1-<3, 3-9, and 10-17 years, respectively, achieved a 4-fold response (P < .0001; regression controlling for vaccine group). Similarly the proportion of subjects achieving a serum HAI titer of ≥1:40 against the 2009 H1N1 virus 21 days following the first dose of 2009 H1N1 vaccine was significantly different between age strata: 21%, 43%, and 93% in age groups 1-<3, 3-9, and 10-17 years, respectively (P values for logistic regression were identical to those for 4-fold response) ( Table 4 ).
Concurrent or
Secondary Immunogenicity Endpoints
The proportion of subjects with ≥4-fold increase in HAI titer against the 2009 H1N1 virus 21 days following the second dose of 2009 H1N1 vaccine was 78%, 80%, and 95% of subjects in age groups 1-<3, 3-9, and 10-17 years, respectively. The proportion of subjects achieving a serum HAI titer of ≥1:40 against the 2009 H1N1 virus 21 days following the second dose of 2009 H1N1 vaccine was 78%, 81%, and 98% of subjects aged 1-<3, 3-9, and 10-17 years, respectively. Significance testing using logistic regression following dose 2 yielded essentially identical results as those for dose 1; age stratum was a significant determinant of response (P < .0001) whereas vaccine group was not (Table 4 ).
GMT Responses
The study population had low pre-vaccination titers against the 2009 H1N1 strain ( Figure 2 ). GMT responses 21 days after the first dose of vaccine differed by age stratum (P < .0001 controlling for vaccine group): 9.7-15, 25.1-30.2, and 140.5-432.5 in subjects in age groups 1-<3, 3-9, and 10-17 years, respectively. Results for the group initially coadministered H1N1 + TIV on day 0 were consistently lower than those of subjects receiving 2009 H1N1 vaccine alone in all 3 age strata. However, significant differences by vaccine group were only observed in the 10-17-year age stratum (P < .001 overall following either dose). Further The primary immunogenicity endpoints were the proportions of subjects, stratified by age, with ≥4-fold hemagglutination antibody inhibition (HAI) titer increase and HAI titer of ≥1:40 against the novel 2009 H1N1 virus 21 days after the first dose of the vaccine.
Abbreviations: CI, confidence interval; GMT, geometric mean titer; TIV, trivalent influenza vaccine. a Two (1.6%) subjects aged 6-<36 months, 10 (5.2%) subjects aged 36 months to 9 years, and 25 (12.8%) subjects aged 10-17 years had titers of ≥1:40prior to the initial vaccination.
examination of the pairwise group differences indicate that the group receiving the initial co-administered dose (H1N1 + TIV/H1N1) had a significantly lower GMT following either dose of 2009 H1N1 vaccine than in either group receiving non-concomitant 2009 H1N1 vaccine at the first vaccination (P values controlled for 6 pairwise comparisons; P = .002-.04 per vaccination/strata). There is a trend of the H1N1 + TIV/H1N1 group having lower titers than the group receiving TIV at the first vaccination for both doses of 2009 H1N1 vaccine; however, this difference is not statistically significant.
Receipt of the Prior Year's Seasonal Vaccination, Site, and Sex (Data Not Shown)
Six, 23, and 91 subjects did not receive the previous year's vaccine in age groups 1-<3, 3-9, and 10-17 years, respectively. The impact of receipt of the prior year's seasonal influenza vaccination on log (HAI) were analyzed within age strata using simple univariate t tests and using analysis of covariance including vaccine group, prevaccination titer, sex, clinical site, and receipt of influenza vaccine in the 2 older strata, in which there were sufficient nonrecipients to perform this analysis. Comparisons by prior receipt in the youngest age stratum 21 days after both 2009 H1N1 vaccinations were not significant.
In the 3-9-year age stratum, subjects who had not received the prior year's vaccine had greater mean responses in univariate analyses (P < .0001 following both 2009 H1N1 vaccinations) and in the analysis of covariance (P = .03 after first 2009 H1N1 vaccine and P = .052 after second 2009 H1N1 vaccine). This finding was not consistent across all study sites, and the number of subjects without the prior year's vaccination was limited. Within the oldest age stratum the univariate comparisons show no difference by prior vaccination; however, the subjects who were not previously vaccinated did significantly better after controlling for the other variables in the analysis of covariance after the second 2009 H1N1 vaccine dose (P < .01). The H1N1 + TIV/H1N1 group in this stratum also had significantly lower antibody responses than did the other 3 groups in the analyses of covariance (P < .01 for each comparison following both 2009 H1N1 vaccine doses).
TIV Immunogenicity Results
GMT Responses (Table 4) The group receiving 2009 H1N1 vaccine on days 0 and 21 followed by TIV on day 42 had the highest titer for all 3 TIV antigens in all 3 age strata (Figure 2 ). Statistically significant differences within 2 age strata were noted. For the seasonal H1N1 antigen, in the 3-9-year stratum, the GMTs for the H1N1/H1N1/TIV and the H1N1 + TIV/H1N1 recipients were 350.6 and 162.3, respectively (P = .005); and the GMTs for the H1N1/H1N1/TIV and the H1N1/H1N1 + TIV recipients were 350.6 and 192.5, respectively (P = .052). For the H1N1 antigen, in the 10-17-year stratum, the GMTs for H1N1/H1N1/TIV and H1N1/H1N1 + TIV recipients were 622.1 and 349.6, respectively (P = .04). Significant differences were also found after comparing other seasonal influenza antigens in select age groups. For example, in the 3-9-year stratum, the GMTs against H3N2 for the H1N1/H1N1/TIV and the H1N1 + TIV/H1N1 recipients were 991.5 and 459.1 (P = .03), respectively. For the B antigen, in the 10-17-year stratum, the GMTs for the H1N1/H1N1/TIV and the H1N1/H1N1 + TIV recipients were 86.1 and 164.6 (P = .02), respectively. Analysis of covariance for TIV strain-specific log (HAI) responses modeled against baseline titer, site vaccine group, clinical site, age stratum, and prior receipt of TIV resulted in significant associations for prevaccination titers, vaccination treatment group, and prior year's vaccination status (P < .01 for each parameter) for all 3 viral strains represented in the 2009-2010 seasonal influenza vaccine. In addition, there were age strata differences for the H1N1 (P < .0001) and B (P = .02) strains. There were no significant differences based on sex. The group receiving TIV after 2 doses of novel 2009 H1N1 vaccine had statistically significantly higher titers than all other groups for H1N1 (P < .001 for each comparison) and H3N2 (P < .03 for each comparison) and higher titers than in the H1N1/H1N1 + TIV group for strain B (P < .0001). In every instance, the group that reported not having received the prior year's vaccination had statistically significantly higher titers than did those who reported receiving the prior year's vaccination (P < .0001). For age, the results for strata are not consistent across all 3 TIV strains ( Table 4 ). The 1-<3-year age stratum had higher titers than the 3-9-year age stratum for H1N1 (P = .03). There were no significant differences for H3N2. The youngest age stratum had lower responses than did both older age strata for the B strain (P < .0001).
DISCUSSION
The 2009-2010 influenza pandemic presented a unique opportunity to evaluate the effect of the timing of administration of the 2 recommended influenza vaccinations in children. The data were crucial in developing policy for the co-administration of these vaccines during that same influenza season and may potentially inform development of recommendations for future pandemic seasons with other influenza viruses. Of note, the potency of the 2009 H1N1 monovalent study vaccine was 22-25 µg/0.5 mL, and although the potency was slightly higher than anticipated, it was not expected to affect the safety of the vaccine.
The vaccines were well tolerated. The majority of local and systemic reactions were mild to moderate. Less than 3% of subjects experienced severe local reactions, all of which occurred in children ≥10 years of age; even fewer subjects experienced severe systemic reactions, and these occurred in children <10 years of age. The infrequent adverse events following the administration of 2009 H1N1 vaccine in children is consistent with findings in multiple trials and in surveillance during a mass vaccination campaign including (1) a trial comparing 2 injections of either 15 µg or 30 µg of hemagglutinin (CSL Biotherapies) of unadjuvanted split-virion vaccine in children aged 6 months to <9 years [20] ; (2) a trial in people ≥3 years of age using 8 vaccine formulations from 10 manufacturers of split-virion vaccine (7.5, 15, or 30 µg of hemagglutinin) with or without aluminum hydroxide and whole-virion vaccine (5 or 10 µg of hemagglutinin) with aluminum hydroxide [21] ; (3) a trial comparing 2 injections of 3 different doses (7.5, 15, or 30 µg of hemagglutinin) of adjuvanted and unadjuvanted split-virion vaccine (Hualan Biological Bacterin Company) in people 3-77 years of age [9] ; and (4) during a mass vaccination program in China using PANFLU.1 (Sinovac Biotech) with 15 µg of unadjuvanted, split-virion vaccine in people ≥4 years of age [8] .
Overall, the proportion of subjects with ≥4-fold HAI titer increase after the first dose of 2009 H1N1 vaccine did not vary by vaccination schedule. However, when comparing age strata, the response rate increased with age, ranging from 21% in the youngest age group to 90% in the oldest age group. This difference in the percentage of subjects achieving a 4-fold increase and/or antibody titers of ≥1:40 remained after the second dose, although, the overall percentages of children reaching a positive endpoint were high. The finding of higher titers with increasing age was seen in several but not all studies; Nolan et al [20] (CSL Biotherpies unadjuvanted 2009 H1N1 vaccine) and Arguedas et al [10] (Novartis 2009 H1N1 vaccine with or without adjuvant) reported seroconversion rates after 1 vaccination to be >90% and 70% percent, respectively. An explanation for the different antibody titer response is not clear, but it may be due to previous exposure or the increase in the amount of antigen used.
When multivariate analysis was performed using vaccine group, sex, clinical site, and receipt of the prior year's seasonal influenza vaccine, an effect of receipt of the prior year's seasonal influenza vaccine on 2009 H1N1 antibody titers was noted in subjects in the 3-9-year age stratum (P = .03 and .052 after the first and second vaccinations, respectively), with those not receiving the previous year's TIV achieving a better response. A similar phenomenon was observed in the older age group, with the group reporting no influenza vaccination in the prior year exhibiting higher antibody responses; however, this was only observed after the second 2009 H1N1 vaccine dose (P = .01). These findings are consistent with those of other Concurrent or Sequential H1N1 and TIV • JID 2012:206 (15 September) • 835 studies [20] ; it is possible that the blunted response was due to interference of preexisting antibody, but this does not completely explain the finding. Nolan et al [20] also found a decrease in antibody response in subjects with higher baseline titers and previous TIV exposure. More recent reports show that the use of adjuvants may increase antibody responses or allow for antigen sparing in children 3-9 years old [10] .
It may be difficult to generalize the results found here because the population studied was predominantly white, although it does represent several geographic regions. In addition, children <1 year of age were not enrolled due to lack of priming.
To our knowledge, no other reported studies of pandemic 2009 H1N1 vaccine evaluated sequential and concurrent administration of 2009 pandemic and seasonal influenza vaccines. The 2009 H1N1 vaccine given sequentially or concurrently with 2009-2010 TIV was safe and well tolerated in previously TIV-primed children. Children <10 years of age generally required 2 doses of 2009 H1N1 vaccine to achieve an adequate response or protective antibody titers. Significant differences in HAI responses based on receipt of the previous year's TIV were noted when subjects were stratified by age group and vaccine treatment group, but these differences are not expected to be clinically significant.
One purpose of the study was to assist in setting policy for the co-administration of the 2 vaccines in children, which is supported by the production of adequate 2009 H1N1 typical HAI titers against TIV. In addition, the study supports the continuing practice of priming children who have not received previous vaccine with 2 doses to reach protective antibody titers [22] [23] [24] . Overall, the results of the study support the current CDC recommendation to administer 2 doses of influenza vaccine in children <9 years of age. Although this practice remains necessary at this time, a 2-dose regimen may hinder rapid immunization during a pandemic.
Notes
